Antibiotics are widely used at sub-lethal concentrations as a feed supplement to enhance poultry productivity. To understand antibiotic-induced temporal changes in the structure and function of gut microbiota of chicken, two flocks were maintained for six weeks on a carbohydrate-and protein-rich diet. The feed in the conventional diet (CD) group was supplemented with sub-lethal doses of chlorotetracycline, virginiamycin and amoxicillin, while the organic diet (OD) had no such addition. Antibiotic-fed birds were more productive, with a lower feed conversion ratio (FCR). Their faecal samples also had higher total heterotrophic bacterial load and antibiotic resistance capability. Deep sequencing of 16S rDNA V1-V2 amplicons revealed Firmicutes as the most dominant phylum at all time points, with the predominant presence of Lactobacillales members in the OD group. The productivity indicator, i.e. higher Firmicutes:Bacteroidetes ratio, particularly in the late growth phase, was more marked in CD amplicon sequences, which was supported by culture-based enumerations on selective media. CD datasets also showed the prevalence of known butyrate-producing genera such as Faecalibacterium, Ruminococcus, Blautia, Coprococcus and Bacteroides, which correlates closely with their higher PICRUSt-based in silico predicted 'glycan biosynthesis and metabolism'-related Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologues. Semi-quantitative end-point PCR targeting of the butyryl-CoA: acetate CoA-transferase gene also confirmed butyrate producers as being late colonizers, particularly in antibiotic-fed birds in both the CD flocks and commercial rearing farms. Thus, antibiotics preferentially enrich bacterial populations, particularly short-chain fatty acid producers that can efficiently metabolize hitherto undigestable feed material such as glycans, thereby increasing the energy budget of the host and its productivity.
INTRODUCTION
The intestinal tract of an animal is a unique ecological niche that is colonized by a dense microbial community shortly after its birth, and has a profound effect on the health and physiology of the host. The gut microbiota provides several benefits to the host, including modulation of the immune system, enhanced utilization of recalcitrant dietary nutrients and inhibition of pathogen colonization [1, 2] . The gut of warm-blooded animals such as birds and mammals is characterized by a constantly high temperature, lack of oxygen and fluctuations in pH and nutrient availability in the different compartments. The intestinal tract of birds is colonized by microbes, with densities as high as 10 11 c.f.u. g À1 in the hindgut, 10 8 c.f.u. g À1 in the ileum and 10 3 -10 4 c.f.u. g À1 in the remaining part of the small intestine and stomach [3] . The gradual increase in the number of gut microbes from stomach to hindgut is the result of their symbiotic development with the host gut in response to varying levels of feed digestion and nutrient availability in the different compartments. The direct influence of gut microbiota on productivity of farm animals has been recognized, and several attempts have been made to establish its role in the overall growth and metabolism of poultry and other organisms [4] [5] [6] [7] .
A range of feed supplements are used commercially to increase the productivity of farm animals. Among these, antibiotics used at sub-lethal concentration are the preferred choice and have been used extensively as growth promoters [8] [9] [10] . The earliest reports on the beneficial effects of antibiotics on production efficiency in poultry were made almost seven decades ago, with the use of sulphonamides (sulphasuccidine, streptothricin) and aminoglycosides (streptomycin) as nutritional additives in chicks [11] , and aureomycin in pigs [12] . Subsequently there has been an increase in this field of research with several studies establishing both the beneficial and harmful effects of antibiotics used as feed additives in farm animals, leading to major law reforms in farming practice in several countries around the world [13] .
The gut microbiota co-evolves along with the host and produces an array of metabolites that play a key role in influencing the overall host physiology and metabolism [14] . One such type of metabolites recently identified are shortchain fatty acids (SCFAs), which are produced by certain Firmicutes members as an end product of their complex carbohydrate utilization [15] . SCFAs have fewer than six carbons and can exist either in straight-or branched-chain conformation. Acetic acid (C2), propionic acid (C3) and butyric acid (C4) are the most abundant and represent 90-95 % of the SCFAs present in the colon. Among these, butyrate is the most preferred energy source for colonocytes that, along with facilitating host metabolism, can also suppress the expression of virulence factors of pathogens such as Salmonella typhimurium in the gut [16] .
Until the advent of next-generation sequencing platforms, the role of the gut microbial population has mainly been studied through culture-dependent techniques that could only address the sequential shift of selected bacterial populations or their functional diversity [10, 17, 18] . Besides, one major focus was to understand the development of resistance patterns in the gut bacterial population [9, 10, 19, 20] , and the possibility of their horizontal transfer to the environment, including pathogens [8, 21, 22] . More recently, the introduction of various culture-independent techniques, such as clone libraries and amplicon sequencing using different model systems, has provided a deeper insight into the role of gut microbiota in maintaining a healthy gut [2, [23] [24] [25] [26] [27] . However, a comprehensive understanding of the effect of antibiotic supplementation in determining the temporal changes in gut bacterial population and preferential selection of key metabolizers relevant to host performance is still needed.
In this study, two separate groups of broiler chickens were maintained and fed with either a commercially recommended carbohydrate-and protein-rich diet supplemented with sub-lethal doses of chlorotetracycline, virginiamycin and amoxicillin, termed conventional diet (CD); or a similar organic diet (OD) lacking antibiotics. Faecal samples were used in culture-dependent and -independent studies, to understand the structure and functions of gut microbiota and particularly the role of SCFA metabolizers in the enhanced performance of antibiotic-fed poultry birds over time.
METHODS Experiment set-up
The poultry breed used in this study was the Vencobb-400 broiler chicken, which reaches a market weight of approximately 2.0 kg in 35-45 days. Fifty healthy chicks were obtained immediately after hatching from a poultry breeder located in the vicinity of our university campus. They were immediately divided into two groups of 25 birds each, and reared distinctively in a set-up room under a strict hygiene practice for six weeks. The birds were fed with a carbohydrate-and protein-rich diet prepared according to the Vencobb broiler management guide. Detailed composition of the diet and feeding conditions are listed in Table S1 (available in the online version of this article). The first group was named CD as it was fed with a 'conventional diet' or antibiotic-supplemented diet that contained a recommended sub-lethal dose of a mixture of three antibiotics: chlorotetracycline (100 gm ton ). The other group named OD or organic diet-fed birds, had no antibiotics or other additives in their feed. Birds were fed five times a day and the amount of food was gradually increased following the recommendations of the International Federation of Organic Agriculture Movements (IFOAM). No animals were sacrificed for this study.
Broiler performance
Live body weight and the amount of feed consumed by the birds were measured for six weeks starting from hatching (day one) till they attained market weight (day 42). Feed conversion ratio (FCR) was calculated using the formula: amount of feed consumed/weekly weight gain.
Sampling
Fresh faecal samples were collected on the same dates when body weight measurements were done. Brown papers were laid over the bedding material in the early morning and bird droppings were aseptically collected in sterile microcentrifuge tubes. The samples were then transported to the laboratory in ice buckets and stored at either 4 C (for culture-based work) or À20 C (for DNA isolation) until further use.
To reduce sampling bias, faecal samples of at least 10 different birds were mixed and stored in a single vial. Microbial enumeration and DNA isolation were performed from three such independent vials. However, before pooling, lack of variability in the gut microbial population of individual birds was determined using faecal samples of five randomly selected birds. The cultivable total c.f.u. and enterococcal, Firmicutes and Bacteroidetes counts (Table S2) for each time point had negligible variability (P-value=1).
Microbial enumeration
Total bacterial load was enumerated from the faeces and also from the feed by spreading 0.1 ml of appropriately diluted (in 0.9 % NaCl) samples on Luria Agar (LA) plates followed by incubation at 37 C for 48 h. The majority of the colonies appeared after 24 h of incubation, but some minor populations required 48 h to form distinct colonies and these were also included in the final count. Antibiotic resistance in the microbial population was determined by replica plating randomly selected 160 bacterial isolates, from each of the 11 faecal samples. Antibiotics belonging to the major chemical classes, namely ampicillin (100 µg ml À1 ), kanamycin (50 µg ml À1 ), chloramphenicol (50 µg ml À1 ), tetracycline (20 µg ml
À1
) and nalidixic acid (30 µg ml À1 ) were used.
Firmicutes and Bacteroidetes were enumerated using seven selective media, specific for different genera of the two phyla (Table S3 ). The media used for selecting members of Firmicutes were Lactobacillus MRS agar and reinforced Clostridium broth; mannitol salt agar; and bile esculin agar supplemented with kanamycin (20 µg ml
) and sodium azide (0.4 mg ml
). The number of colonies per gram of faecal sample in the first two media incubated in an anaerobic chamber, and the last two under aerobic conditions, were used to determine the total c.f.u. count. Similarly, Bacteroidetes members were selectively enumerated on anaerobically maintained bile esculin agar with vitamin K1 (0.01 mg ml À1 ), haemin (0.01mg ml À1 ) and kanamycin (50 µg ml
); aerobic incubation of plates of nutrient agar with kanamycin (50 µg ml À1 ); and HP6 agar with glucose (50 mg ml
). A survey of the literature suggested that the combination of media used would select a significant proportion of bacterial members of both groups and thus could be used to represent the two phyla (Table S3) . Enterococcus was enumerated using M-Enterococcus agar base (Himedia).
Plasmid curing
Bacterial isolates that were resistant to all five tested antibiotics were selected for plasmid curing (Table S4 ). The MIC 50 dose for acridine orange of 22 such isolates was determined, and this varied from 20 to 150 µg ml
À1
. As the isolates possibly belong to different phylogenetic groups they have different growth rates and MIC 50 doses of acridine orange. The isolates were then grown in Luria broth supplemented with the respective MIC 50 concentration of acridine orange, at 37 C for up to 48 h or till stationary phase growth was attained. The stressed cells were spread on LA plates, and 40 randomly selected colonies were checked for their growth on LA plates containing any of the five tested antibiotics, i.e. ampicillin (100 µg ml À1 ), kanamycin (50 µg ml À1 ), chloramphenicol (50 µg ml À1 ), tetracycline (20 µg ml À1 ) or nalidixic acid (30 µg ml
). The percentage curing of plasmids bearing antibiotic resistance determinants was calculated by counting the number of colonies (out of 40) that did not grow on the respective antibiotic-containing plate.
Metagenomic DNA extraction, 16S rDNA amplicon library generation and sequencing Metagenomic DNA was extracted in triplicate (from three vials) from 0.5 g of faecal sample using the FastDNA SPIN Kit for Feces (MP Biomedicals, Santa Ana, CA) following manufacturer's instructions. Purified DNA was eluted in DNase/RNase-free water and its concentration and purity were checked by running on 0.8 % agarose gel and using a Genova Nano micro-volume spectrophotometer (Jenway, UK). The V1-V2 hyper-variable region of 16S rDNA was amplified from metagenomic DNA using forward (5¢-AGAGTTTGATCITGGCTCAG-3¢) and reverse (5¢-CTGC TGCCTCCCGTAGG-3¢) primers [28] . To enable sequencing on Ion platform, A-linker, A-linker key, a unique barcode and barcode adaptor sequences [29] were added upstream of the forward primer, while the reverse primer had only a B-linker sequence attached to its 5¢ end (Table S5 ). Duplicate PCR amplification was performed on each of the three DNAs isolated from each faecal sample (total 6 PCRs per sample) in a 50 µl reaction that contained 100 ng DNA, 1 µM of each primers, 0.2 mM dNTPs, 2.5 mM MgCl 2 , 1.5 U of GoTaq Flexi DNA Polymerase and 10 µl of 5X Green GoTaq Flexi Buffer (Promega, Madison, WI). The cycling conditions included an initial denaturation at 94 C for 5 min followed by 30 cycles of denaturation at 94 C for 30 s, annealing at 58 C for 45 s and elongation at 72 C for 45 s; and a final extension at 72 C for 7 min. PCR products were run on 1.5 % agarose gel and the desired band was excised and purified using Wizard SV Gel and PCR CleanUp System kit (Promega, Madison, WI). All six PCR reactions for each sample were pooled and DNA concentration and quality were checked using the dsDNA High Sensitivity Assay kit on a Qubit Fluorometer (Invitrogen, USA) and visualized by running on an automated capillary electrophoresis using High Sensitivity DNA analysis Chip (Agilent, USA). Amplicon libraries were eventually sequenced on Ion PGM 318 Chip following 400 bp chemistry (Life Technologies, USA) using the sequencing facility of Genotypic Inc., Bangalore, India.
End-point semi-quantitative PCR Butyrate producers were tracked by targeting the butyrylCoA: acetate CoA-transferase encoding gene (but) with the widely used forward (5¢-GCNGANCATTTCACNTGGAA YWSNTGGCAYATG-3¢) and reverse (5¢-CCTGCCTTT GCAATRTCNACRAANGC-3¢) primers [4] . However, the PCR condition was first standardized in order to yield a sufficient (visible band on agarose gel) amount of the 'but' gene product using metagenomic DNA of at least one time point of OD and CD. Accordingly, 400 ng of accurately quantified DNA was used as template in all PCR reactions of 'but' as well as the 16S rRNA gene. The 16S rDNA V1-V2 PCR was performed using a similar reaction mixture and cycle conditions as mentioned above. The standardized 'but' PCR used a step-up reaction with an initial denaturation at 95 C for 3 min, followed by five cycles of denaturation at 95 C for 30 s, annealing at 45 C for 30 s and elongation at 72 C for 45 s; then increasing the annealing temperature to 54 C in the remaining 30 cycles and a final extension at 72 C for 10 min. PCR was performed in triplicate for each sample. The 16S rDNA PCR product was used as the reference for calculation of the relative abundance of band intensity of the 'but' gene at each time point. For this the gel image was recorded on a gel documentation system (Bio-Rad, USA), and the band intensities were quantified by Image J software and expressed as arbitrary units (AUs).
Bioinformatics analysis
Sequences were analysed using the standalone installation of QIIME [30] and USEARCH [31] pipeline on Biolinux. The raw sequences (in fastq format) were initially visualized using FastQC [32] . The FastX toolkit was used for trimming, size selection and filtering reads, and those having a size of >200 bp and minimum Phred score of 25 were used for downstream analysis. OTU selection and chimera checking was done by UCLUST using 97 % sequence similarity [33] . For taxonomic assignment and reference-based OTU selection, the latest Greengenes database was used [34] . Multiple sequence alignment was done using PyNAST [35] .
Ecological and statistical analysis QIIME was used to determine the alpha diversity and rarefaction curve that respectively represents community diversity (Inverse Simpson and Shannon) and species richness (observed OTUs and Chao1). Beta diversity was calculated by weighted UniFrac distance matrix [36] and was visualized using the Principal Coordinate Analysis (PCoA) plot. To assess the stability of the PCoA plot, jackknife resampling was performed on the OTU table. Bacterial families whose member(s) are represented at least once in each time point were considered as the core population and were used to generate the heat map using a non-metric multi-dimensional scaling of the Bray-Curtis distance. Statistical analyses were performed using R 3.2.1(www.cran.org). P-values of <0.05 in the two-sample t-test were used to define significance.
Predictive functional profiling 16S rDNA sequences were used to predict the metabolic capabilities of the faecal microbiota using phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) [37] . OTU tables were constructed using the PICRUSt-compatible closed-reference OTU selection protocol in QIIME. These were normalized by the predicted 16S rDNA copy numbers for true representation of OTU abundance. Metagenomes were predicted using the precalculated genome content in PICRUSt and represented by KEGG orthologues classified to level 3 for each OTU per faecal sample. The output was eventually analysed and visualized using the Statistical Analysis of Metagenomic Profiles (STAMP) software package [38] .
Data deposition
Raw sequence reads were deposited in fastq format to the National Center for Biotechnology Information Sequence
Read Archive under BioProject accession number SRP095586. The project includes two independent experiments, OD (SRX2442164) and CD (SRS1876741), corresponding to the two feed supplementations used. The experiments include six (SRR5127901) and five (SRR5127902) runs, respectively.
RESULTS
Broiler performance, faecal microbial count and their correlation to FCR All birds were healthy throughout the incubation period and their live body weight at a particular time point in both experimental groups did not vary significantly (P=1). However, the body weight of the CD birds, particularly from the third week onwards, was significantly higher (P-value for day 42=0.00471) (Fig. 1a) . This in turn is reflected in their lower end-point feed conversion ratio of 1.66, as compared to 1.91 for the OD group.
The total cultivable heterotrophic bacterial load per gram of faecal sample in both groups increased with time (Fig. 1a) and showed a positive and negative correlation, respectively, to the birds' body weight and FCR. During the first three weeks the c.f.u. count increased steadily in both groups, with a slightly higher trend in CD. However, by the end of sixth week the c.f.u. count in CD (2.88Â10 7 ) was 1.5-fold higher than that of OD (1.80Â10 7 ). The feed possibly did not contribute to this bacterial load, as it had negligible c.f.u. count.
The antibiotic resistance pattern in the bacterial population was determined in 160 randomly selected LA-grown colonies from each time point for groups OD and CD. The resistance pattern for the five tested antibiotics was higher in CD isolates at all time points (Fig. S1) , while for the OD group, 30-65 % of the isolates across the time points were sensitive to all five tested antibiotics. The pattern was the converse in group CD, with almost the entire population (80-97 %) resistant to at least one antibiotic. In fact, only 1-6 % of the individual OD isolates was found to be resistant to three or more antibiotics across the entire period of growth. However, 10 % of the CD isolates were resistant to more than three antibiotics by the first week, that increased to 77 % in CD.42 (Fig. 1b) . Twenty-two isolates, including 14 from CD.42, were resistant to all five antibiotics. Each of these 22 multiple-antibiotic resistant isolates were successfully cured (>60 %) of their kanamycin-and chloramphenicol-resistant determinants (Table S4) . On the contrary, ampicillin, nalidixic acid and tetracycline resistance determinants were poorly cured, with the phenotype being retained in at least 10 strains (<7 % curing).
Topographical and temporal differences in 16S rDNA sequence richness A total of 3 576 385 sequence reads were generated for the 11 faecal sample libraries. After pre-processing, i.e. size selection, trimming and quality control, 2 782 254 reads having a sufficiently high representation per sample (135 699-381 177) and a median length of 200-350 bp were used for downstream analysis. Sequence-read statistics and alpha diversity metrics are listed in Table 1 . The sequences were clustered into operational taxonomic units (OTU) using a 97 % similarity cut-off. The number of OTUs identified in a single dataset varied from 1400 to 2044 (Table 1) . Rarefaction curves generated from the OTUs obtained for each time point suggested that a high sampling coverage (~99 %) had been achieved (Fig. S2a) and would encompass almost the entire bacterial diversity therein. CD birds showed a comparatively higher gut bacterial diversity, as implied by their higher Chao1 values (Fig. 2a) . Cluster analysis of individual samples, using the weighted Unifrac distance matrix (Fig. 2b) and the BrayCurtis distance matrix (Fig. S2b) , revealed clear segregation between the gut bacterial assemblages of organic and antibiotic-fed chickens.
Faecal microbial diversity along different taxonomic ranks and their correlation to FCR
The total OTUs across all datasets were clustered into 10 bacterial phyla (Table S6) , with the majority (31 to 94 % among datasets) categorized as Firmicutes (Fig. 2c) , comprising low-G+C content Gram-positive members. In group OD, the number categorized as Firmicutes increased steadily from 55 to 94 %; CD birds showed an initial decrease in numbers, followed by a gradual increase to only 63 %. The phylum is dominated by the class Bacilli, with members of the order Lactobacillales present in large numbers throughout the time points in OD, which fluctuated in the CD group in concurrence with the next most abundant order, Clostridiales (Fig. S3 ).
The second most abundant phylum, particularly in CD datasets, was Proteobacteria. A major proportion (43 %) of the initial population of the hatched birds comprised members of this phylum, and their number dropped sharply to 3 % in OD.42, while in CD.42 it decreased to only 12 % (Fig. 2c) . The phylum primarily comprised Gammaproteobacteria, and that too was dominated by Enterobacteriacea (Fig. S4) .
Another important phylum with respect to gut microbiota, i.e. Bacteroidetes, had a relatively low representation in our sequence datasets. However, when their number was compared with Firmicutes as a ratio (F/B), it varied in a proportionate manner within and between the OD and CD libraries. The F/B ratio in both groups was found to be higher late in the growth phase (day 42) as compared to day 21. While in OD there was an 11-fold increase, it was 87-fold higher in CD sequences (Fig. 3a) . The F/B ratio on days 21 and 42 was also determined by a culture-based enumeration on seven different selective media (Table S3) . While a similar trend of higher ratio in the late growth phase was observed in both OD and CD, the fold increase was only six as compared to the sequence-based ratio (Fig. 3b) .
However, a three-to eightfold higher F/B ratio was observed in similar culture-based enumerations from faecal samples of birds from four different commercial poultry farms (F1, F2, F3 and F4).
Representatives of 25 bacterial families, spanning the three major phyla Firmicutes, Proteobacteria and Actinobacteria (Fig. 2c) , were designated as the core microbiota (Fig. 4) . Among these, Lactobacillaceae were found consistently to be a gut member of both OD and CD and were present in very large numbers in all datasets (Fig. 4) . On the other hand, families which were found to be predominant in one of the groups include Streptococcaceae and Clostridiaceae in OD; and Lachnospiraceae, Bacillaceae, Moraxellaceae, Mycobacteriaceae, Dermabacteriaceae, Micrococcaceae, Brevibacteriaceae and Ruminococcaceae in CD amplicon datasets (Fig. 4) .
A total of 154 bacterial genera were identified in the total sample libraries. An interesting observation was the relatively constant abundance of Lactobacillus reuteri in OD, and Faecalibacterium prausnitzii in CD, particularly late in their growth phase (Fig. 5b) . While L. reuteri is a probiotic microorganism, F. prausnitzii is a well-recognized SCFA (particularly butyrate) producer [39] . Other SCFA-producing genera observed in large numbers in CD include Ruminococcus of the family Ruminococcaceae; [Ruminococcus], Table S6 ).
Blautia and Coprococcus belonging to Lachnospiraceae and Bacteroides of Bacteroidaceae (Fig. 5c ). The taxon name in brackets, i.e. Ruminococcus, is proposed in the Greengenes database to be a polyphyletic 'Candidatus' genus, based on its whole-genome assembly and phylogeny from metagenome sequences, and does not have any pure culture representative.
The SCFA-producing capability of gut microbiota was tracked by a semi-quantitative end-point PCR targeting the butyrate-producing gene, butyryl-CoA: acetate CoA-transferase, (but) in metagenomic DNA of day 21 and 42 faecal samples. While a faint band of~530 bp was detected in the faecal DNA samples at day 21, the band was prominent at day 42 samples of both groups. Interestingly, the relative band intensity of CD.42 was six fold higher than that of OD.42, suggesting that SCFA production is a more predominant phenomenon in antibiotic-fed birds. DNA isolated from the faecal samples of birds from four different antibiotic-fed commercial poultry farms (F1-F4) also showed 8-to 13-fold higher band intensity at day 42 as compared to their mid-growth phase (Fig. 6b , Table S8 ).
DISCUSSION
Feed conversion ratio determines birds' efficiency to convert the food supplied into live body weight. The commercial viability of poultry animals can be increased by feed supplementation with one or a combination of antibiotics at sub-lethal concentrations [9] that lower the FCR of farm animals, thereby increasing productivity [9, 10, 40] . The Vencobbs broiler management guide also proposes an endpoint FCR value of <2 for commercial purposes. The antibiotic-fed birds (Vencobb 400 broilers) in our study had a much lower (1.66) end-point FCR value along with a higher body weight (Fig. 1 ) that justifies their better performance over the other group. However, antibiotics used even at such low concentrations have resulted in the development of resistance in the gut microflora of CD birds, as was previously observed in other farm animals including poultry chickens [41, 42] . The higher percentage of curing of stressed cells, particularly for kanamycin and chloramphenicol resistance determinants (Table S4 ), suggests that they are borne on plasmids and also the possibility of their horizontal transfer to other gut microorganisms or to opportunistic pathogens.
In this study, faecal samples were used as a proxy to study the fluctuation in gut microbiota. Previous data comparing chicken faecal and gut samples support faecal microbiota as a representative of the different gastrointestinal segments and the temporal fluctuations therein [43] . Additionally, studies on faecal samples of human, non-human primates, canines and felines, etc. (Table S7 ) also advocate the acceptance of faecal microbiota as a true representative of the gut [44] [45] [46] .
PCR amplicons of different size from the V1-V9 hyper-variable region have been used in different culture-independent analyses, including deep sequencing, to understand microbial phylogeny and population dynamics [2, 28, 40, 47] . The possibility of false amplification of the eukaryotic 18S rDNA by primers targeting the V3, V3-V5 and V6-V8 regions was predicted by both PCR and in silico analyses [48, 49] . However, the V1-V2 amplicon libraries generated in this study do not have a single read assigned to either a (Table S4 ). The F/B ratio (on the same days) was also calculated from faecal samples of four additional commercial poultry farms, F1, F2, F3 and F4 (pattern filled columns). Data represented are means±SE of three independent c.f.u. counts.
eukaryotic 18S rDNA or even the archaeal 16S rDNA (Table 1) . Moreover, the small (416 bp) amplicon size (including barcoded regions) is suitable for most of the currently used sequencing chemistry, including the ION platform used in this study [29] . The same region has previously been used in describing microbial diversity to species level from samples including faeces [50, 51] .
All OD and CD amplicon sequence libraries showed representation of three dominant phyla: Firmicutes, Bacteroidetes and Proteobacteria. Members of Firmicutes were the most predominant across all datasets as observed previously in the gut of chickens, cattle, pigs and canines [2, [52] [53] [54] . A noteworthy finding relating to better growth and productivity is the higher end-point F/B ratio in the amplicon datasets of the better-performing CD birds (Fig. 3) , and also in the culture-based enumerations from those of commercial antibiotic-fed poultry farms. A high F/B ratio in human and other gut systems has been proposed to be associated with increased body weight and obesity. For example, a higher ratio was observed in obese Egyptian children and adults than a normal weight population [52] . This trend was also reported in obese as compared to lean monozygotic and dizygotic twins [55] and people fed on a low-calorie diet restricted in fat or carbohydrate [45] .
In this study, an attempt was made to calculate the F/B ratio by culture-based enumeration of selected representatives of both phyla using a set of seven different selective media. Of these seven, four could efficiently isolate a large proportion (~70-80 %) of Firmicutes genera: Lactobacillus sp., Clostridium sp., Lactococcus sp., Streptococcus sp. and Staphyloccus sp. The remaining three media selectively grew 50-75 % of Bacteroidetes members: Bacteroides sp., Flavobacterium sp., Cytophaga sp., Herpetosiphon sp., Saprospira sp. and Flexithrix sp. (Table S3 ). Studies performed on swine faecal manure slurries identified most of the above genera as the predominant cultivable members, including Clostridium, Lactobacillus and Streptococcus among Firmicutes; and Cytophaga, Flexibacter and Bacteroides from the . SCFA production capability by the gut microbiome. Agarose gel image of end-point PCR targeting (a) the bacterial 16S rDNA V1-V2 region; and (b) the butyrate-producing gene, butyryl-CoA:acetate CoA-transferase (but). 400 ng of metagenomic DNA isolated from faecal samples of birds grown to 21 (mid-) and 42 (end) days in OD and CD groups, as well as from four additional antibiotic-fed commercial poultry farms (F1-F4) were used as the template in PCR reactions. The bars in (b) shown above the respective bands of 'but' PCR product represent the relative abundance of the gene in the gut population with respect to the 16S rDNA PCR product used as reference (see Table S8 for detailed calculation). Band intensity was calculated using Image J software. The y-axis of the band intensity (arbitrary units) is shown at the extreme right, outside the gel image. PCR was performed in triplicate for each sample, confirmed for positive products of similar intensity and only one of these loaded on the gel. Negative control, marked as (À) had the genomic DNA of Advenella kashmeriansis (CP003555), which is devoid of the 'but' gene, and for positive control (+), the genomic DNA of a 'but'-positive strain was used. The lane marked 'NC' is no template control. 'M' denotes the 1 Kb DNA ladder (Bio-Rad, USA). (c). Functional prediction of the metabolism-related KEGG pathways operative in OD (black bars) and CD (white bars) microbial populations. 16S rDNA amplicon sequences were used for the predictive analysis in PICRUSt, followed by their statistical representation in STAMP. The KEGG orthologue marked by an asterix is the pathway of interest. All samples were suitable for PICRUSt analysis, as shown by their NSTI values of 0.061, 0.133, 0.078 and 0.048, respectively, for OD.21, OD.42, CD.21 and CD. 42. phylum Bacteroidetes [56] . Although the F/B ratio determined from culture-based enumerations also had a higher value in the late growth phase, the fold increase was not as high as the sequence-based ratio. The higher value of the F/ B ratio obtained in sequence-based enumeration can be accounted for the differential amplification of 16S rDNA from some unknown or uncultured or novel taxa of these two phyla [57] . On the other hand, a lower culture-based ratio could also be justified from a previous study that reported an increase in the members of Bacteroidetes, particularly after 18 h of incubation in different culture media formulations designed for the growth of human faecal microbiota [58] . Since the selective media plates were incubated for 24 or 48 h (Table S3) , this might have led to a higher count of Bacteroidetes and thus a lower ratio between the two groups.
Selective enrichment of beneficial and intestinal commensal butyrate producers like F. prausnitzii, and members of Ruminococcaceae by different diet components, has been identified previously in mammals, birds and reptiles [39, 59] . The importance of these bacterial members to host performance has also been demonstrated in high-yielding probiotic-fed poultry [60, 61] , and normal and obese human individuals [62, 63] . Even in our study, the better-performing CD birds had a high representation of certain wellknown SCFA-producing genera from Lachnospiraceae, Mycobacteriaceae, Dermabacteriaceae and Ruminococcaceae (Figs 4 and 5c) in the sequence datasets; and strong band intensities in semi-quantitative PCR of the 'but' gene product (Fig. 6b) .
SCFAs, in addition to their role in efficient substrate metabolism, can also be effective in lowering the pH of the gut environment, thereby restraining the growth of certain acidsensitive pathogens [5, 64] . In our datasets, a similar trend was observed with a lower number of sequence reads of certain potential acid-sensitive pathogenic genera including Streptococcus, Streptomyces, Staphylococcus and Turicibacter in CD as compared to OD (Fig. 5a ).
We also attempted to predict the operative pathways in OD and CD gut microbiota using the PICRUSt-based software pipeline from the 16S rDNA amplicon data [37] . The most abundant metabolism-related KEGG orthologues predicted were those associated with amino acid, carbohydrate, nucleotide, co-factor and vitamin and energy metabolism (Figs 6c and S5) . The KEGG orthologue that needs special mention is 'glycan biosynthesis and metabolism', that has a significantly (P<0.0001) higher abundance in CD.42 (Fig. 6b) . These complex carbohydrates are known to play a major role in shaping the composition and physiology of the host gut microbiome, and are introduced into the intestine either as a feed component or secreted by the gut mucosal layer itself [65, 66] . The predicted increase in 'glycan biosynthesis and metabolism' pathways in fully grown antibiotic-fed birds may be coupled to the selective enrichment of SCFA producers. Glycans, which are otherwise indigestible complex carbohydrates, are used as substrates by SCFA producers during their fermentation, thereby resulting in an overall better utilization of the feed that increases the energy budget of the host and its productivity.
Thus, the specific selection of bacterial genera having better metabolic capability, in addition to reduction in the number of certain harmful ones, suggests a positive role of antibiotics at least in terms of better growth yield of production animals. The possibility of diet-induced increase in body weight of antibiotic-fed birds could be nullified by the fact that both OD and CD groups were fed the same carbohydrate and protein rich diet (Table S1 ). Second, the dominance of Lactobacillaceae in both groups, and the predominant presence of the probiotic genera and a healthy gut indicator, L. reuteri in OD [5, 67, 68] links the productivity increase in CD birds exclusively to the antibiotics added to their feed.
Although the real-time activity of gut microbiota due to feed additives and its influence on the growth and metabolism of farm animals can clearly be understood by temporal monitoring of active microbial communities (rRNA), their functional profile (mRNA and/or proteins) along with metabolite (such as SCFAs) characterization using advance omics approaches. The present study fills a gap in our knowledge on the influence of sub-lethal doses of antibiotics on the structure and function of gut microbiota during the development of poultry birds, and provides some insights into potential molecular mechanisms behind antibioticinduced higher productivity. 
